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ABSTRACT
A Cradle-to-Gate Life-Cycle Assessment of American Hops in the Craft Beer Supply Chain
Carson Michael Bristol
The hop industry represents a culturally and economically significant industry in the United States due to
the product’s significant role in the beer industry, but little is known about the environmental impacts
associated with hop production. There exists a significant lack of specific research quantifying the
emissions contribution of hop production, and the work that has been done lacks consensus in the scientific
community. In an effort to overcome this, this study conducts a cradle-to-gate life cycle assessment (LCA)
of aroma hop production broken into four phases, beginning with propagation of seedlings by tissue culture
and ending with packaged T-90 hop pellets ready for shipment. Ultimately, the results of the study indicate
that the production of 1 kg of HBC 394 T-90 aroma hop pellets results in a global warming potential
(GWP) of 4.42 kgCO2e/kg and a eutrophication potential (EP) of 12.17 gNe/kg. The phase with the largest
contribution to GWP in the production system is on farm cultivation. The single most significant GWP
input in hop production is the kilning process (28.19%), which occurs during the harvest phase. Similarly,
the phase with the largest contribution to EP in the production system is on farm cultivation, while the most
significant EP input in hop production is electricity (63.07%), which occurs during all four phases of
production. While the environmental impacts of hop production are on the higher side when compared to
the same amount of other agricultural products, impacts are relatively low when compared to the impacts
per serving of other crops -- 1 kg of hop pellets can produce well over 100 servings of a relatively highly
hopped beer. The results of this study offer baseline data with respect to the GWP and EP of hop
production, but ultimately, further research is recommended to verify the results of this study and identify
specific opportunities for reduction of environmental impacts.
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CHAPTER 1 INTRODUCTION
Anthropogenic climate change represents one of humanity’s most critical global threats, and a significant
proportion of the greenhouse gas emissions responsible for this issue are a result of agriculture. The
agriculture industry is responsible for up to 30% of total anthropogenic emissions (Tubiello et al., 2013).
Nearly every process necessary for agricultural production results in some form of greenhouse gas
emissions, whether it be direct or indirect. Irrigation, machinery operation, fertilizers, and more are all vital
for crop cultivation, but have significant environmental consequences. Sustainable agricultural practices
exist, but their implementation requires significant baseline knowledge that comes with specific tracking,
reporting, and research (Lal, 2004).
Hop pellets represent a culturally and economically significant commodity in the United States
(Almaguer et al., 2014). Female hop plants produce flowers that become hop cones, which, after
processing, are a fundamental ingredient for the brewing industry – an industry that experienced a 3,500%
increase in establishments between 1981 and 2011 (George, 2001; McLaughlin et al., 2014). The Pacific
Northwest region of the United States represents the largest growing region in the United States for hops,
accounting for nearly 90% of domestic hop production (Agehara et al., 2020). One of the largest suppliers
of hops in the United States is a production system made up of grower-owned sister companies Yakima
Chief Ranches, LLC (YCR) and Yakima Chief Hops, Inc. (YCH). Headquartered in Yakima, Washington,
YCH and YCR seek to connect family hop farms with the world’s finest brewers. In an effort to be
conscious stewards of the environment, YCH aims to reduce Scope 1 and Scope 2 greenhouse gas
emissions (GHG) emissions by 50% and procure 100% renewable energy for domestic operations by 2025
(Yakima Chief Hops, 2021). Throughout the supply chain, there are many opportunities to accomplish
these goals. Agriculturally, farmers can adopt a number of practices in the realm of carbon farming such as
no-till farming, compost application, cover cropping, and more, as well as sustainable management of
inputs such as clean fuels, electricity, fertilizer, and more (Zaher et al., 2013). Beyond the agricultural side
of hop production exists further opportunity for GHG reduction in the propagation, processing, packaging,
and distribution phases of the supply chain. While the hop industry represents an important industry that
plays a major role in the greater beer supply chain, there is little consensus in the scientific community
regarding the contribution of the crop to global greenhouse gas emissions (Sipperly et al., 2014).
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Life cycle analysis (LCA) is a valuable tool used to quantify the emissions of a product throughout
its life cycle. Life cycle analysis examines all upstream inputs within the set boundaries of the studied
system, providing valuable insight about the environmental impacts of a product (Hauser and Shellhammer,
2019). Through the Life Cycle Impact Assessment (LCIA) phase of LCA, stakeholders can gain valuable
insight into the proportional and quantitative environmental impacts resulting from the production system
of a product. LCIA calculates the Global Warming Potential (GWP) of a production system, essentially
quantifying the GHG emissions potential resulting from each stage of a product’s life cycle. LCIA also
determines a product’s contribution to critical environmental impacts such as eutrophication, habitat
destruction, ecotoxicity, and more. With respect to hop production, it is estimated that 97% of commercial
hop pellets end up in beer, making the brewing industry almost the sole consumer of hop pellets, and the
greater beer industry has been the subject of several life cycle assessments over the years (Almaguer et al.,
2014). As a crucial input to the beer production system, CO2 emissions of hop production have been
quantified in these LCA studies, but with significant variation in results (Hauser and Shellhammer, 2019).
Currently, there are no published, peer-reviewed scientific papers specifically detailing a life cycle
assessment of hop production. Moreover, the emissions quantification from hop production in beer life
cycle analyses is almost always determined to be negligible, largely because of the style of beer studied
(Sipperly et al., 2014). The beer industry is extremely dynamic, and the current knowledge about hop
production emissions is inconsistent with the current state of the industry. For example, the 2008 life cycle
assessment of New Belgium’s Fat Tire Amber Ale found that the 2.3 g hop pellets used to produce the
functional unit of one six pack of beer accounted for 5.7 g CO2 equivalent (The Climate Conservancy,
2008). This equates to roughly 1.08 grams of hop pellets per liter of beer, but it is common for craft
brewers to use over 20 grams of hop pellets per liter of beer for dry-hopping alone in a more hop-forward
beer style, like an India pale ale (IPA) (Hauser and Shellhammer, 2019).
In an effort to better understand the emissions associated with hop production in the modern beer
supply chain, this study conducts a cradle-to-gate life cycle assessment of the proprietary aromatic hop
HBC 394 (where hop products of the HBC 394 plants are sold under the associated trademark Citra®,
which is owned and maintained by Hop Breeding Company, LLC). Through this assessment, the global
warming potential (GWP) and eutrophication potential (EP) associated with various stages of hop
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production are analyzed and quantified, including tissue culture propagation, greenhousing, cultivation at
the farm, harvest, kilning, processing, and packaging. This life-cycle assessment will assist the entire hop
industry by enhancing the understanding the emissions associated with each stage of hop production, as
well as provide baseline knowledge to help identify areas with potential for sustainable improvement
within the production system.
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CHAPTER 2 LITERATURE REVIEW
This section will synthesize completed research in the realm of hop cultivation, hop life cycle phases, and
brewing industry life cycle analyses, as well as detail the current gap in research with respect to hop
production and sustainability. The section begins with a background on the cultivation of hop plants and a
description of the current state of the hop industry. Additionally, the role of hops in the brewing supply
chain and changes in the hop industry as a result of current beer industry dynamics is examined. Finally,
historical attempts to quantify the emissions associated with hops and brewing are presented and analyzed,
with particular emphasis on the literature discrepancies in emissions quantification from hop production.
2.1 Background on Hop Production
2.1.1 Cultivation of Hop Plants
Hop plants (Humulus lupulus) are a member of the family Cannabaceae and were originally used for
culinary purposes in Europe and Africa. Since ancient times, the use of hop cones has changed, ranging
from medicine and yellow dye to hair rinse and fabric, with the exception of use in brewing, which remains
the most overwhelmingly popular use today. Though the exact year of cultivation specifically for beer
production is unknown, scientists and historians believe that hopped beer was made even in prehistoric
times, and that original commercial cultivation was for use in beer (DeLyser and Kasper, 1994). Hop plants
are dioecious. Female plants produce an inflorescence that turns into hop cones, while male plants produce
pollen that creates seeds in female cones. Annual hop vines grow from perennial crowns in rootstock. After
hop cones mature, the stems die back to crown and grow back year after year. Mature cones produce
lupulin, a compound that contains resins comprised of alpha acids, beta acids, and essential oils, all of
which are important in the production of beer. Hop bines climb up vertical twine in a clockwise fashion that
follows the sun, reaching up to 25 feet in height in any given growing season (George, 2001). Once
established, the bines grow rapidly, with peak growth rates approaching 12 inches per day (Agehara et al.,
2020). Ideal latitudes for hop growth are between 35 and 55 degrees north or south of the equator, as is
evidenced by the location of the two largest hop growing regions in the world: the American pacific
northwest and the Hallertau region of Germany (Agehara et al., 2020; Almaguer et al., 2014; George,
2001).
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Commercially, female hop plants are cultivated in fields, sometimes referred to as “yards,” with
18 foot trellises composed of wooden poles and taught wires that create rows with a length of vertical twine
spanning from the soil to the trellis. As many as 55 poles are present in each acre of a field, and the plants
are typically planted with 3.5 ft x 14 ft spacing (George, 2001). Field layout is ideally a north-south row
orientation on south facing slopes in order to maximize sunlight and even distribution. A variety of soil
types are suitable for hop plants, but well-drained, deep, sandy-loam soils with a pH ranging from 6 to 7 are
ideal (Agehara et al., 2020). A significant barrier of entry exists in hop cultivation. To grow high quality
hop cones, significant expertise is required (Sharp et al., 2014) and establishing the infrastructure to
cultivate hop plants takes a significant financial commitment, totaling roughly $13,588 per acre to produce
trellis hop plants under drip irrigation in the American northwest (George, 2022). Though factors like
extreme heat, pests, disease, and variety demand cause variation in commercial timetables, industry
practice is to rotate plantings every 10 to 15 years. New fields are established by either planting rhizomes
or potted seedlings that have been propagated in greenhouses by soft-wood cuttings or tissue culture
propagation. After planting, bines must be trained to climb the twine. This process involves manually
wrapping shoots around the twine in the month of May. This timing is critical in the determination of yield
because of the relationship between plant height on the trellis and day length, which influences flowering.
Irrigation of commercial hop yards can be accomplished through rill (furrow) irrigation, sprinkler, or drip
irrigation, though drip irrigation is the most common by a significant margin. Fields are typically sprayed
with pesticides and fertilized during the growing season (George, 2001). When cones reach maturity, they
are harvested at a moisture content of 75-80% before being dried in kilns until moisture content is about 810% (Almaguer et al., 2014; Hauser & Shellhammer, 2019).
2.1.2 Hop Farming in the American Northwest
The northwestern United States represents one of the most important regions for hop cultivation in the
world. The United States and Germany account for 75-80% of hop production worldwide, and the states of
Washington, Oregon, and Idaho represent 90% of US hop production (Almaguer et al., 2014; Agehara et
al., 2020). Within the American northwest, the Yakima Valley in Washington represents the largest region
for hop production. 77% of United States hop production and 25% of global hop production is located in
the Yakima Valley, with an average farm size of 450 acres (Sherman and Gent, 2014). Specific to the
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northwest, Washington accounts for 73% of northwestern US hop acreage. Idaho constitutes the second
most hop acreage in the northwest at 16%, largely centered in the Treasure Valley, located in the
southwestern portion of the state. The Willamette Valley in Oregon is another significant hop growing
region, accounting for 11% of northwest hop production (George, 2021; Sherman and Gent, 2014).
Today, the American hop industry is thriving. US hop acreage, the vast majority of which is
located in the northwest, increased by a factor of 109% between 2012 and 2021 to a total of 62,259 acres.
Hop prices per pound are highly variable based upon variety, but the 2021 harvest saw a total crop value of
$661,618,000. Commercial US hop acreage saw a modest increase of 4% from 2020 to 2021, consistent
with the yearly increases observed since 2012. Average yield in the northwest was 1,900 pounds per acre in
2021. Total US hop production in 2021 was estimated to be 116.5 million pounds, and it is estimated that
all but 900 thousand pounds were produced in Washington, Idaho, and Oregon. Cost to produce hop pellets
increased in 2020, as gross return dropped to $10,563 per acre (before deducting production costs),
marking the first decrease in per-acre gross return since before 2013. 2021 saw a slight increase from 2020,
at a per acre return of $10,869, but this return is still lower than the 2019 peak. This drop is most likely due
to the economic hardships resulting from the COVID-19 pandemic, as well as severe smoke and weather
events. (George, 2022)
Historically, the hop industry has not always been lucrative. The decades following prohibition
saw difficult times for the industry in the American northwest. Hop farmers before the 1980s cultivated on
small, family farms with very small profit margins and little control over the varieties grown. At this time,
programs breeding new hop varieties were largely associated with public land grant universities in the
northwest. In the early 1980s, hop growers began to establish private breeding programs in an effort to
vertically integrate research and maintain control over their cultivars. This, along with consumer-driven
shifts in the beer industry, contributed to growth in the industry that resulted in fewer, larger farms (Comi,
2020).
2.1.3 Integrated Hop Production Companies
Much of the current success in the United States hop industry is a result of this vertical integration of the
various phases of the supply chain. One successful example of this includes two sister companies, Yakima
Chief Hops, Inc. (“YCH”) and Yakima Chief Ranches, LLC (“YCR”). YCR is an integrated crop
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management company specializing in the breeding of new hop varieties (Yakima Chief Ranches 2022).
Along with the John I. Haas, Inc. breeding program, they represent Hop Breeding Company, LLC
(“HBC”), which is responsible for the creation of some of the most popular hop varieties in the industry
today (George 2020). YCH handles the processing, distribution, and sale of the product, ultimately
connecting farmers and their product with brewers around the world. Both are grower-owned companies
who have worked together for more than 30 years to create value across the hop supply chain. YCH is
made up of 52 total farms, 15 of which are grower-owners. Their 2020 harvest yielded 39,531,676 pounds
of hops from 20,614 cumulative acres of farms in Washington, Idaho, and Oregon. Being a part of
companies like YCR and YCH provides significant support for growers striving to grow high quality hops.
For example, $400 million has been reinvested in farm facilities over the past six years, including 33 new
picking machines, 22 new kilns, and 24 new baling rooms. Additionally, 76% of resulting revenue from
each pound of hops sold was returned to growers in 2020. This unique return of investment to growers
represents a significant benefit from being a YCH grower that is not guaranteed in the industry. YCH and
YCR evaluate each farm to assist in the identification of opportunities for improvement and growth,
continually evolving the best practices for hop growth and harvest in the industry. (Yakima Chief Hops
2020; Yakima Chief Ranches 2022)
Hop varieties owned by Hop Breeding Company, LLC (“HBC”) and Yakima Chief Ranches, LLC
(“YCR”) continue to dominate the industry. The 2020 rankings of hop varieties by acreage in the US saw
HBC 394 (where hop products of the HBC 394 plants are sold under the associated trademark Citra®,
which is owned and maintained by Hop Breeding Company, LLC) take the top spot for the third year in a
row, followed by HBC 369, CTZ, Cascade, and YCR 14 (George, 2022). The Hop Breeding Company,
LLC (“HBC”), a joint breeding venture owned by Yakima Chief Ranches, LLC and John I. Haas, Inc. is
responsible for many of the most popular and prolific proprietary hop varieties, including HBC 394 and
HBC 396. Additionally, YCR maintains exclusive ownership of YCR 14. HBC and its owners have bred a
vast majority of the most widely used aroma hop varietals in the American northwest. The shift in acreage
towards these proprietary aroma and dual-purpose hops has resulted in a multitude of new hop varietals
bred specifically for their perceived taste and novelty rather than genetic homogeneity (Comi, 2020).
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2.1.4 Phases of Hops Production
Hops are a unique crop, and their production involves a number of phases. Hops are vegetatively
propagated, either by the planting of rhizomes in fields or by micropropagation in tissue culture labs and
softwood cuttings in greenhouses. In areas where plant disease such as powdery mildew is prevalent, tissue
culture propagation is preferable because rhizomes are more susceptible to disease (Agehara et al., 2020).
Once planted in fields, bines begin to grow. The next step in production is to “train” the bines to begin
climbing the twine attached to the trellis. This must be done by hand, but once the bines are trained, they
begin to grow up to 12 inches per day in a clockwise fashion around the twine (Agehara et al., 2020). By
the time cones reach maturity, the plant will have grown all the way to the top of the trellises. Next,
irrigation must begin. The vast majority of hop irrigation is by drip method. In an effort to discourage
weeds, pests, and to provide nutrients to the plants, spraying of fields occurs on a periodic basis throughout
the summer growing season (George, 2001). During the growing season, teams scout for male plants. When
identified, males are manually removed to discourage pollination that results in higher seed content. Seeds
are undesirable in hop cones because they can reduce yield and result in off-flavors in beer (Almaguer et
al., 2014).
When cones reach maturity beginning in late August, harvest begins. Different hop varieties reach
maturity at different times, so picking windows are variable in size between late August and early October.
To extract the plants from the field, modified tractors called bottomcutters first cut the bottom of the twine,
allowing the plants to hang from the trellises as they begin to dry. Then, modified tractor attachments called
topcutters pass through each row, cutting the top of the twine and allowing each bine to fall into a truck that
follows the topcutter. These bines are then sent to picking machines at each farm, which extract the cones
from the bines (George, 2001). At this stage, moisture content in the hop cones is around 75-80%
(Almaguer et al., 2014). There are multiple types of picking machines used in the industry, but the most
common machine process involves hanging the bines upside-down on hooks that travel through a machine
with small metal fingers. A typical picking machine has multiple stages that accomplish this. Picking
machines typically run around the clock during hop harvest. (George, 2001)
The now-clean hop cones then travel on conveyer belts to the kiln, where they are piled up on the
approximately 32 ft x 32 ft kiln floor. A machine spreads the cones so that they are evenly distributed on
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the kiln floor at a depth of roughly 30 inches, though this metric varies by variety and producer. The kiln is
then fired up, blasting 140 degree Fahrenheit heat through the kiln bed. This process takes about nine
hours, depending on variety, until the cones are at around 10% moisture. After kilning, cones are
transported to the baling room, where they are mechanically pressed into 200 pound bales after cooling for
24 hours. The bales are then wrapped in burlap or poly-wrap material and packed onto trucks. (George,
2001; Almaguer et al., 2014)
From there, the harvested crop leaves the farm and is transported to a warehouse, where they are
tested for quality and moisture (Almaguer et al., 2014). Depending on demand, bales are sent to either the
extract plant or pellet plant. After being pelletized or extracted, the product is packaged and distributed to
breweries around the world.
2.2 Hop Products in the Brewing Supply Chain
2.2.1 Role of Hops in Beer
Members of the brewing industry are almost the exclusive buyers of hop products; roughly 97% of the
global hop crop eventually ends up in beer (Schoenberger and Kostelecky, 2011). Though the quantity of
hop pellets or extract added during the brewing process is comparatively minuscule, the impact on flavor is
significant. The two main purposes of hops in beer are for flavoring and preservation of beer, though
flavoring is the dominant motivation for adding the ingredient (DeLyser and Kasper, 1994). Further
purposes include precipitation of certain nitrogenous constituents in wort, clarity of wort, enhancement and
stabilization of beer foam, and promotion of foam lacing. Hops are added in the boiling stage of the
brewing process. During the boil, many chemical reactions occur, including transformations of
carbohydrates, proteins, and polyphenols. Alpha acids are the most important constituents of hop resin,
isomerizing during the boiling process and representing the main driving force behind the bittering of beer.
As with nearly all useful compounds found in hop cones, alpha acids are contained in lupulin, a sticky
yellow powder produced from a gland in the center of the hop cone. (Almaguer et al., 2014)
2.2.2 Aroma vs. Alpha Hop Varieties
With respect to their contribution to beer flavor and bitterness, hop varieties can be sorted into two
categories: alpha hops and aroma hops. Alpha hop varieties are used almost exclusively for their alpha acid
content, solely in an effort to impart bitterness on the beer. Aroma hop varieties are used in beer to add hop
9

flavor to the beer in addition to bitterness. Some hop varieties are categorized as dual-purpose hops, and
these hops serve to add hop flavor to beer but also contain a high amount of alpha acids that bitter the beer
(Almaguer et al., 2014). While traditional hop production has focused on alpha hops for mass production of
light beer, the popularization of craft beer and beer styles such as pale ales and India Pale Ales (IPAs) has
led to an increase in the cultivation of proprietary aroma hop varieties beginning in the 1990s. For example,
in the Yakima Valley, 70% of hop acreage was once planted as alpha hops. Over the last two decades, the
distribution of alpha hops and aroma hops has functionally reversed, with over 80% of hop acreage in the
region now devoted to aroma hop varieties, many of which are proprietary (Comi, 2020; George, 2022).
In 2021, four of the top five hop varieties by acreage (HBC 394, HBC 396, YCR 14, and Cascade)
in the entire pacific northwest region were aroma hops, with the sole exception of CTZ in the third spot.
This is a stark contrast to 2012, where 50% of hop acreage was alpha hops and 50% of hop acreage was
aroma or dual-purpose hops. Today, alpha hops represent 19.5% of acreage while aroma hops make up
80.5% of US acreage. (George, 2022)
2.2.3 State of the Modern Craft Beer Industry
The craft beer industry is extremely dynamic with respect to both performance and composition. Scientific
literature studying the structure of the brewing industry has identified a significant shift from large-scale
production of a homogeneous product to decentralized and competitive production of a diverse product. In
other words, the brewing sector has transitioned from the massive production of one style of beer, the
American lager, to smaller scale production by many smaller entities of a diverse range of craft beer styles
such as pale ales, IPAs, stouts, pilsners, and more. The parallel expansion of brewing establishments in the
United States supports this; only 48 breweries existed in 1981, a number that increased by a factor of
3,500% to roughly 1,700 breweries in 2011. These shifts are likely a direct result of the change in consumer
palettes and preferences. A number of consumer trends, including the establishment of a niche market for
more flavorful beers, rising incomes, and the growth of the “buy local” movement, played a hand in these
shifts. The brewing industry in the United States is a significant contributor to the national economy. In
2010, the industry was responsible for 1.84 million jobs and $71.2 billion in wages. Furthermore, the output
of the industry was estimated at $223.8 billion, accounting for approximately 1.5% of the United States
GDP. (McLaughlin et al., 2014)
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These shifts observed in the beer industry over the last few decades have notable implications on
the supply of raw materials for the industry. Specific to hop production, the explosion of the craft beer
scene that has resulted in the popularization of specific beer styles has shifted the hop varieties in demand
by brewers in a very significant way. This plays a significant role in the increase in demand for aroma hops,
because these hop varieties are crucial ingredients in styles like IPAs and pale ales (Comi, 2020). The
popularity of IPAs in the American craft beer market has increased almost tenfold in just the past decade,
which has significant implications on the hop supply chain, both in quantity and type (Hauser and
Shellhammer, 2019). This is a trend that closely aligns with the massive shift in acreage of aroma vs. alpha
hop varieties, as described in section 2.2.2 Aroma vs. Alpha Hop Varieties.
2.3 Sustainability in the Beer and Hop Industries
2.3.1 Sustainability in the Beer Industry
Beer is the fifth most consumed beverage in the world, with production exceeding 1.34 billion hectoliters
(hl) in 2002. The production of beer is a process that can be extremely water and energy intensive. An
industry of this size has significant environmental impacts, both resulting from the production of the
product itself and the production of the fundamental ingredients, which include hop pellets, barley, and
yeast (Olajire, 2020). Just in the state of Oregon, the upstream emissions associated with the consumption
of beer is equivalent to 202,700 metric tons of carbon dioxide, which equates to the emissions associated
with running 42,800 passenger vehicles for a year (Hauser and Shellhammer, 2019). As the craft sector of
the brewing industry has grown in popularity, a perceived focus on sustainability has arisen within the
industry due to the incorporation of sustainable practices and local sourcing by craft breweries. Yet, the
carbon footprint of the industry remains significant (Hoalst-Pullen et al., 2014).
In beer production, raw material production accounts for the second most emissions, behind only
packaging. By mass, barley is by far the most significant ingredient in beer production. Likewise, according
to the current body of knowledge, barley and malt production and acquisition are responsible for the most
emissions of the raw materials, at 18.6% of the total GWP of beer (The Climate Conservancy, 2008;
Hauser and Shellhammer, 2019). Some work has been done by brewers around the world to reduce their
carbon footprint. While numerous strategies, including renewable energy usage, cogeneration, CO2
recovery systems, wastewater treatment, recyclable packaging, and more have been implemented, the
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brewing industry remains a large source of greenhouse gas emissions (Olajire, 2020). While the
identification of ways to improve sustainability at breweries is important, upstream inputs such as
ingredient production must also be considered, as raw material acquisition is the second largest source of
emissions in beer production (Hauser & Shellhammer, 2019).
2.3.2 Life Cycle Analysis (LCA)
Life cycle assessment (LCA) is one of the most valuable tools for quantifying the emissions of a product.
Using an LCA software, a Life Cycle Inventory (LCI) database, and a comprehensive list of the inputs and
outputs of a production system, the tool has the ability to quantify the GHG emissions and asses
environmental impacts associated with a production system, beginning with raw material extraction. Most
LCA studies are considered cradle-to-grave, which means that emissions are quantified from material
acquisition to the point where they return to the earth, but others are considered cradle-to-gate, which
begins with raw material extraction and ends at a certain “gate,” whether it be the new production system,
the stage before transportation to consumers, or something else (Hauser and Shellhammer, 2019). A set of
standards for formal LCA studies exists under the International Organization for Standardization (ISO),
specifically under ISO 14040 (Guinee and Lindeijer, 2002). Furthermore, environmental impact indicators
are used in LCA to attempt to further break environmental impacts of a product into categories such as
global warming potential, ozone layer depletion, ecotoxity, habitat degradation, eutrophication, and many
more (Hauser and Shellhammer, 2019). Every LCA study quantifies emissions for a functional unit (FU),
meaning that the emissions quantified in each stage of production represent the production of a defined unit
(Guinee and Lindeijer, 2002).
2.3.3 Literature Values of Hop Production Emissions
Currently, there are no published, peer reviewed LCA studies for hop production (Sipperly et al., 2014).
The only peer reviewed GWP values in kgCO2e quantifying emissions for hop production in the brewing
supply chain come from LCAs that use beer as a functional unit (FU), and in almost every one of these, the
emissions associated with hops are considered virtually negligible. For example, The Climate Conservancy
was commissioned to conduct an LCA of New Belgium’s Fat Tire Amber Ale, and they found that just 5.7
gCO2e of the total 3,188.8 gCO2e are contributed by the upstream emissions of hop production,
representing just 0.2% of total emissions. In that study, the FU of one 6-pack of Fat Tire packaged in 1212

ounce aluminum cans requires 2.3 g of hop pellets to produce (The Climate Conservancy, 2008). In a
different LCA study of a lager beer from Thailand, the researchers determined that 1.45 kg of hop pellets
contributed 14.3 kgCO2e to the emissions outputted from the production of their FU, which was 10 hl of
beer, requiring 1.45 kg of hop pellets (Sipperly et al., 2014). On a per serving basis (0.5 liters of beer), the
beer studied in The Climate Conservancy study would require 0.54 g hops per 0.5 liter serving, while the
Sipperly et al study would require 0.73 g hops per 0.5 liter serving.
While there are no published, peer reviewed studies with hop pellets as the FU (Sipperly et al.
2014), several hop GWP values have been reported via private studies with unpublished reports. According
to their Sustainability Report (Volume 1), Roy Farms, located in the Yakima Valley, WA commissioned
the Institute for Environmental Research and Education (IERE) to conduct a full LCA study on hop pellets
from their farms. They determined that 1 kg of hop pellet production resulted in 5.1 kgCO2e/kg hop pellets
produced (Roy Farms, Inc; Hauser and Shellhammer, 2019). This result provides valuable insight, as it
conducted the study with hop pellets as the FU, but unfortunately, methods, inputs, assumptions, and other
detailed information about this study are not available, only the results, and no peer review process
appeared to take place. Similarly, the Hop Growers of America (HGA) reported the results of an LCA
study in their 2021 Hop Industry Annual Report. According to their results, production of 1 kg of pelletized
aroma hops results in 4.1 kgCO2e. Again, this is not a peer reviewed study, and little to no details are
available about the process of getting to that value, particularly with respect to assumptions or methods, so
its results must be taken with caution. (Hop Growers of America 2022)
The values from the two beer LCA studies can be put in terms of hops to get a general idea of the
GWP contributions from hop pellets per kilogram produced. Emissions of hop production equates to 2.48
kgCO2e/kg hop pellets according to The Climate Conservancy’s study and 9.86 kgCO2e/kg hop pellets
according to the study by Sipperly et al. (2014). This represents an extremely wide range of values and
represents significant variation from the IERE study of Roy Farms, where they concluded that 1 kg of hop
pellets results in 5.1 kgCO2e/kg (Roy Farms, Inc; Hauser and Shellhammer, 2019). These results also vary
from the GHG emissions value reported by HGA in their annual report, where they determined that aroma
hop pellet production results in 4.1 kgCO2e/kg hop pellets produced. It is important to note that differing
assumptions made during the LCA process can significantly alter results – without a report detailing
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assumptions made, specific inputs, and system boundary, accurate comparison is extremely difficult. These
are particularly important considerations when a study uses a functional unit of beer, rather than hop
pellets. The system boundary used for a study focusing on beer will vastly differ from that of a study
focusing on hop production. Though the variation is significant and detailed information about
assumptions, credibility, system boundary, data sources and more is unavailable, these are the only readily
available values available in the scientific community. Numbers differing on a scale as large as this suggest
a lack of consensus in the industry and the greater scientific community as to the true quantification of
GWP and CO2e emissions resulting from hop production.
Furthermore, LCA studies in the brewing industry typically look into relatively low-hop styles of
beer, underestimating the typical GWP contribution from hop pellets as a raw ingredient in beer for the
majority of craft beers produced today. For example, the TCC LCA was conducted on Fat Tire amber ale,
which uses 2.3 g of hop pellets per six pack of beer; equating to 1.08 g hop pellets/L beer (The Climate
Conservancy, 2008). Likewise, the Sipperly study of a lager from Thailand uses 1.45 kg hop pellets to
produce 10 hl, which equates to 1.45 g hop pellets/L beer (Sipperly et al., 2014). Today, given the
popularity of craft beer and styles like IPAs, it would be common for a brewer to use 20 g of hop pellets per
liter, just in the dry hopping stage of the brewing process (Hauser and Shellhammer, 2019). This is an
important consideration, especially because the hop industry today cultivates 70% aroma hop varieties by
acreage, which are primarily used in beers that use far more hop pellets than those previously studied
(Comi, 2020). In other words, the types of beers being studied in these reports do not reflect the hop
varieties largely being cultivated and consumed today – it is likely that emissions contributions from hop
production in typical craft beer today are underestimated.
One study found that their estimates of emissions of hop production was higher than those found
in the literature. Though they did not conduct a formal, comprehensive LCA, using estimates based on
scientific literature, they found that a local imperial IPA that uses 380 g of barley and 24 g of hop pellets
per liter of beer would contribute roughly 251 and 122 g CO2e, respectively. This means that, in this case,
hop pellets would contribute almost half the emissions of barley (Hauser and Shellhammer, 2019). For
comparison, The Climate Conservancy’s LCA found that hop pellets contributed 0.96% the gCO2e of
barley (5.7 gCO2e vs. 593.9 gCO2e) (The Climate Conservancy, 2008). These values should not be directly
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compared due to stark differences in methodology and differences in the amounts of hop pellets in the
product. Yet, this variation shows that the emissions contribution of hops should not be ignored,
particularly in beers that require more hop pellets than those that have been studied in the past, and that
more specific research is necessary in this area.
2.4 Emissions Quantification – Insufficient Knowledge
The context of hop production and brewing sustainability research has been described in this section. Beer
production requires significant inputs, and the raw materials required are often very specialized. Hop
pellets are a particular input that would benefit from further research to gain a better understanding of the
contributions to emissions. While data included in beer life cycle analyses provides values for emissions
associated with hop pellets, there is little consensus in these values, and they cannot be taken with too much
certainty. Differences in system boundaries, methodologies, assumptions, and more make it extremely
difficult to determine an accurate quantification of the GWP of commercially produced aroma hops. This
life cycle analysis seeks to eliminate this knowledge gap by focusing on the emissions specifically
associated with aroma hop production, using farmer-reported industry data and a more comprehensive set
of inputs specific to the hop industry.
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CHAPTER 3 METHODS & DATA
The recent increase in attention towards sustainability has led to significant interest and investment in
environmental impact assessment and quantitative sustainability methodologies such as life-cycle
assessment (LCA). Comprehensive LCA studies address environmental ramifications resulting from all
phases of a product’s life cycle including raw material acquisition, production, use, end-of-life treatment,
recycling, and final disposal. The system boundary of an LCA depends greatly on the goal of the
researchers. According to the International Standards Organization (ISO) 14040 guidelines, LCA can assist
in:
1.

Identifying opportunities to improve product environmental performance

2.

Informing decision-makers in industries and organizations for the purposes of strategic planning,
priority setting, and product/process design

3.

Selecting relevant indicators of environmental performance, including measurement techniques

4.

Marketing, by validating environmental claims or implementing an ecolabeling scheme.

LCA is a relative methodology based upon its functional unit. Therefore, results can be scaled with varying
accuracy based upon the goal and scope of the study (ISO 2006). LCA can assist in the development of
other studies and research by providing an environmental baseline (Curran 2014), but life cycle
interpretation must make provisions for linking other management methodologies with LCA by disclosing
all strengths and limitations of the LCA study with respect to the defined goal and scope (ISO 2006).
In an effort to better understand the carbon emissions and potential environmental impacts
associated with hop production, a comprehensive cradle-to-gate life-cycle assessment (LCA) is conducted
in this study. The LCA is conducted according to the ISO 14040 guidelines. The open source software
OpenLCA is used for the LCI and LCIA phases of the study. The phases of the LCA are consistent with
ISO 14040 and are detailed in this section.
3.1. Goal and Scope Definition
The first phase of an LCA study is to define the goals and scope of the study. Scoping is an imperative
initial step because it defines the depth and level of detail expected of the study to ensure that it is
compatible with the initial goal, and vice versa. The goal of any LCA study should state the intended
application, the purpose of the study, the intended audience, and how the results should be used by the
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public. The scope of the study must include the studied product system, the functional unit, the system
boundary, any allocation procedures used, impact categories, data requirements, assumptions, limitations,
data quality measurements, and any critical review. Because LCA is an iterative process, it is important to
note that the scope of the study may change during the course of the study based upon the collection of data
and information. (ISO 2006)
One kilogram of packaged HBC 394 T-90 hop pellets was selected as the functional unit for this study.
This unit was selected because HBC 394 was the most popular hop by acreage in the United States in the
studied harvest year (2021) (George, 2021). A kilogram was selected both for ease of calculation and
scalability. For analysis, hop production was broken into four phases:
1.

Phase I: Propagation and greenhousing - Zillah, WA

2.

Phase II: Cultivation in field - Yakima Valley, WA; Willamette Valley, OR

3.

Phase III: Harvest and kilning - Yakima Valley, WA; Willamette Valley, OR

4.

Phase IV: Processing and packaging - Sunnyside, WA

The system boundary is outlined below in Figure 1.

Figure 1: System boundary diagram for LCA
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3.2 Life Cycle Inventory Analysis (LCI)
LCI is a critical stage in LCA because it represents the acquisition of all necessary data for the study. The
quality of data has a significant influence on the accuracy of the study, so LCI must be done carefully and
meticulously to preserve the integrity of the study (Curran 2014). Inventory analysis involves the collection
and calculation of data in an effort to quantify all relative upstream inputs and downstream outputs of the
studied product system. Calculation is necessary for data validation, relation of the data to unit processes,
and relation of data to the functional unit. Data collection can be time and resource intensive. The scope of
the study should place emphasis on practical constraints with respect to the LCI phase of the study, and this
should be well-documented in the report. (ISO 2006)
3.2.1 Data Sources
Data inputs during all four phases of hop production was gathered from a survey sent to YCR
headquarters, two different YCH farms, and YCH headquarters, all located in either Washington or
Oregon. This data was collected through the use of Google Forms and was compiled in a Microsoft Excel
file. Google forms used can be seen in Appendix “A.” Data from farmers includes metrics such as vehicle
fuel consumption, irrigation rates, fuel types, yields, utility data, and much more. Additional data inputs
were acquired using the life-cycle inventory (LCI) database EcoInvent 3.2 and academic literature. Data
from farmers allows for the adjustment of inventory data to reflect the conditions of the specific farms to
best model the current practices of the industry. Photos of hop plants being cultivated in the field and T-90
pellets are depicted below in Figure 2 and Figure 3. Table 1 represents a comprehensive table including all
data inputs for the LCA.
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Figure 2: Hops growing in field in Washington (Phase II of production). Photo taken by author.

Figure 3: T-90 hop pellets (Phase IV of production). 1 kg of these pellets after packaging would constitute
1 FU. Photo taken by author.
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Table 1: Table of all included inputs.

Production Phase
Propagation & Greenhousing
(33,300 field-ready plants)

Cultivation
(1 acre of cultivated plants)

Harvest
(1 bale of dried, harvested hops)

Processing & Packaging
(1 pallet of packaged, pelletized hops)

Category
Lab

Item
Plastic propagation tubs (polyproylene)
Plastic greenhouse trays + pots (PET)
Greenhouse
N fertilizer
P fertilizer
K fertilizer
Facility
Water (tap)
Electricity
Product Input
Field-ready plants from greenhouse
Transport
Transport from greenhouse to farm
Field
N fertilizer
P fertilizer
K fertilizer
Diesel tractor operation
Gasoline farm truck operation
Irrigation
Facilities
Electricity
Product Input
Fully cultivated hop plants
Harvest vehicles Diesel tractor operation
Gasoline farm truck operation
Kiln
Propane combustion
Facilities
Electricity
Product Input
Dried & harvested whole-cone hops
Transport
Transport from farm to processing facility
Facility
Electricity
Water (tap)
Packaging
Cardboard
Wood pallets

Unit (per
product output
of phase, in
parenthesis)
oz
oz
g
g
g
kg
kWh
items
lb*miles
lbs
lbs
lbs
acres
km
gal
kWh
items
acres
km
MJ
kWh
lbs
lb*miles
kWh
kg
kg
item

Data Source
YCR
Supplier
YCR
YCR
YCR
YCR
YCR
N/A
YCR
2 farms
2 farms
2 farms
1 farm, EcoInvent 3.2
1 farm, EcoInvent 3.2
2 farms, EcoInvent 3.2
1 farm, local utilities cost
N/A
1 farm, EcoInvent 3.2
1 farm, EcoInvent 3.2
2 farms, EcoInvent 3.2
1 farm, local utilities cost
YCH
YCH
YCH
YCH
YCH
YCH

3.2.2 Inputs Not Included
A number of items were excluded from this study due to a combination of reasons, including lack of data,
data quality, negligible contribution, or lack of consistency. Primary items and reasons for exclusion can
be seen in Table 3.2 below. As is common in LCA, exclusions are modeled after other studies that
determined negligible contributions of inputs. In other cases, inputs were not tracked by producers, and
thus were unable to be modeled, as is consistent with literature. (Hauser & Shellhammer, 2019; Sipperly et
al., 2014; The Climate Conservancy 2008; George 2001)
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Table 2: Table of excluded inputs, with reasoning.
Phase

Input

Reason for Exclusion

Reference(s)

Phase I

Root hormone for cuttings

Phase I

Propagation growth media

Phase II

Pesticide application

Phase II

Tillage

Hop plants are perennial and both studied (George, 2001), excluded from (The Clmate
farms employed cover cropping, resulting Conservancy 2008), (Hauser & Shellhammer, 2019)
in extremely minimal tillage, if any

Phase III

Bale wrapping material

Negligible impact, lack of data

Phase IV

Packaging bags

Negligible impact, lack of data

All Phases Transportation of workers

Negligible amount used per FU,non-toxic Excluded from (Hasuer & Shellhammer, 2019), (The
Climate Conservancy 2008), (Sipperly et al., 2014).
Input not tracked by greenhouse managers.
Negligible amont used per FU, non-toxic Excluded from (Hasuer & Shellhammer, 2019), (The
Climate Conservancy 2008), (Sipperly et al., 2014).
Significant variation in usage by year,
Input not tracked by farmer due to extreme variability
field, farmer, location, etc (per farmer &
literature)
Negligible contribution to GWP
(The Climate Conservancy, 2008)

Lack of data

Excluded from (Hasuer & Shellhammer, 2019), (The
Climate Conservancy 2008), (Sipperly et al., 2014).
Input not tracked by farm.
Excluded from (Hasuer & Shellhammer, 2019), (The
Climate Conservancy 2008), (Sipperly et al., 2014).
Input not tracked by processor.
Input not tracked by farms, excluded from (Hasuer &
Shellhammer, 2019), (The Climate Conservancy
2008), (Sipperly et al., 2014)

3.3 Life Cycle Impact Assessment (LCIA)
The impact assessment phase of the study attempts to evaluate the severity of potential environmental
results based upon the results of the LCI phase. This involves the association of inventory data with impact
categories that are defined based upon the impact assessment tool used. Some of the decisions made during
this stage can introduce subjectivity into the study. Therefore, transparency is critical to ensure that
assumptions and decisions are clearly described so as not to skew interpretation. (ISO 2006)
All impact assessment was done using the Tool for Reduction and Assessment of Chemicals and
Other Environmental Impacts (TRACI 2.1) developed by the United States Environmental Protection
Agency (US EPA). Impact categories within TRACI 2.1 include ozone depletion, global warming potential,
acidification, eutrophication, smog formation, human health impacts, and ecotoxicity (Bare, 2002). For the
purposes of this study, only global warming potential (GWP) and eutrophication potential (EP) are
considered in the LCIA phase. These were selected rather than the entire suite because, as a baseline study,
it is important to not attempt to overinterpret the results with little literature available for comparison. GWP
is reported in grams of carbon dioxide equivalent per kilogram of hop pellets produced (kgCO2e/kg) and
was selected because it offers an important initial value for comparison that has some comparisons
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available in literature. EP is reported in grams of nitrogen equivalent per kilogram of hop pellets produced
(gNe/kg) was selected because it represents a critical issue associated with agriculture (Lal 2004).
3.4 Life Cycle Interpretation
At this stage, the findings of both the LCI and LCIA phases are considered together in the context of the
study goal and scope to draw conclusions, report limitations, and provide recommendations. This phase
intends to provide a comprehensible and effective presentation of findings to decision-makers in a way that
is consistent with the goal and scope of the study. Additionally, this phase should reflect evaluation and
verification elements of the study. (ISO 2006)
While LCA is an extremely valuable tool to quantify the emissions associated with products, it is not a
perfect tool. As a methodology, the results of an LCA are only as good as its data. Data uncertainty in LCA
is understudied in scientific literature but requires further research to better understand how reliant decision
makers can be on LCA results (Jordaan et al., 2021). Much of this is addressed during data verification and
sensitivity analysis, and specific data limitations for this study are discussed in the discussion section.
Through the LCIA phase of the study and tools such as TRACI, potential environmental impacts can
be explored and addressed. However, LCA does not predict absolute or precise environmental impacts
because:
1.

The expression of potential impacts is specific to a reference unit (functional unit), and is thus

relative
2.

Environmental impacts are integrated over a period of space and time, which is often outside the

scope of an LCA study
3.

There exists inherent uncertainty in the modelling of environmental impacts

4.

Some potential impacts are heavily influenced by temporal scaling, and are clearly in the future

An important consideration in LCA is that it is a tool that does not declare a winner. Through impact
assessment and risk assessment, decision makers can get a decent idea of the tradeoffs between various
alternatives, but inherent subjectivity in value judgements prevents an even comparison in many cases. For
this same reason, the results of a study cannot be reduced to a single score (ISO 2006). Furthermore, all
assumptions and decisions made in LCA must be reported and considered when interpreting study results.
LCA is an iterative process; the scope and goal of the study can change based upon the practical
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availability of data and the and can be used as a relative tool that compares the environmental tradeoffs
associated with a product under different sets of conditions (Curran 2014). Notably, LCA does not usually
address the economic or social dimensions of a product, though the results of an LCA study can be used in
conjunction with other research to study the impact of products on these dimensions (ISO 2006).
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CHAPTER 4 RESULTS
4.1 General LCIA Results
4.1.1 Global Warming Potential
The proportional results by production phase with respect to Global Warming Potential (GWP) are
described in Figure 4. The entire production system, from propagation to packaging, results in a GWP
value of 4.42 kgCO2e/kg hop pellets produced. Cultivation in field (Phase II) had the largest contribution to
GWP, accounting for 47.03% or 2.08 kgCO2e/kg, followed by Harvest & Kilning (Phase III), which
contributed 35.20% or 1.55 kgCO2e/kg. Propagation & Greenhousing (Phase I) contributed 13.14% or 0.58
kgCO2e/kg of GWP and Processing & Packaging (Phase IV) accounted for the remaining 4.63% or 0.21
kgCO2e/kg of GWP.

Global Warming Potential (GWP) by Production Phase
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Figure 4: GWP contributions of each of the four phases of hop pellet production in kgCO2e/kg produced
(left) and by percentage (right).
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Breaking GWP into categories of inputs reveals that the single greatest source of GWP in the
production system is the kilning process, accounting for 28.19% of the total GWP, or 1.24 kgCO2e/kg.
Fertilizers represent the second most significant proportion, at 25.38% (1.12 kgCO2e/kg), which includes
the fertilizer used during both Phase I and Phase II, though the amount of fertilizer used in Phase I was
nearly negligible in comparison to Phase II. The next largest contribution to GWP was power – electricity
usage throughout the production system -- at 21.87% GWP, or 0.97 kgCO2e/kg. Irrigation represents the
fourth largest contribution, accounting for 14.25% GWP (0.63 kg CO2e/kg), and farm vehicle operation
represented the fifth largest contribution, at 7.17% GWP (0.32 kgCO2e/kg). In this study, farm vehicle
operation included diesel powered tractors, gasoline powered farm trucks, and ATV operation. Packaging
materials during the final phase of production accounted for just 1.97% GWP (0.09 kgCO2e/kg). The
remaining contributing inputs including product transport, production consumables, and tap water usage
combined for a GWP of 1.17% GWP (0.05 kgCO2e/kg). The GWP contributions in kgCO2e/kg hop pellets
produced by input can be viewed in Figure 5 below.

Global Warming Potential (GWP) by Input
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Figure 5: Global Warming Potential (GWP) of inputs to production system, in kgCO2e/kg hop pellets
produced.
25

4.1.2 Eutrophication Potential
With respect to Eutrophication Potential (EP), hop production results in an EP of 12.18 gNe/kg hop pellets
produced. Phase II was the largest contributor, but by a very small margin. Phase II contributed 35.55% of
total EP, or 4.36 gNe/kg hop pellets produced, with Phase I following closely behind at 35.25% and 4.29
gNe/kg, respectively. Phase III contributed the third most significant EP, accounting for 18.48% total EP,
or 2.25 gNe/kg hop pellets, followed lastly by Phase IV with 10.72% of the total EP of the production
system, or 1.31 gNe/kg. These results for EP broken down by production phase can be seen below in
Figure 6.

Eutrophication Potential (EP) by Production Phase
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Figure 6: EP contributions of each of the four phases of hop production in gNe/kg hop pellets produced
(left) and by percentage (right).

Throughout the entire production system, the majority of EP was contributed by the input of
power. This input includes the electricity usage from each of the four production phases, and it accounts for
63.07% (7.68 gNe/kg) of the entire system’s resulting EP. Put differently, this input generated nearly 4.5
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times more EP in gNe/kg than the next most significant input, which was irrigation. Irrigation accounted
for 14.02% (1.71 gNe/kg) total EP, followed by fertilizers, which contributed 9.17% (1.11 gNe/kg). The
fourth largest contributor to EP across all production phases was farm vehicle operation at 5.41% (0.65
gNe/kg). Kilning contributed 4.75% (0.58 gNe/kg), packaging materials contributed 3.29% (0.40 gNe/kg),
and all other inputs, including product transport, production consumables, and tap water usage combined
for just 0.29% (0.05 gNe/kg) of the EP generated by the entire production system. The EP contributions by
input can be view in Figure 7 below.
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Figure 7: Eutrophication Potential (EP) of inputs to production system, in gNe/kg hop pellets produced.

4.2 Results by Phase
4.2.1 Phase I: Propagation & Greenhousing
Phase I of the production system model includes the propagation of hop seedlings as well as the
time the hop seedlings spend in the greenhouse. In the studied production system, this occurs at the YCR
headquarters in Zillah, WA. Plants are micropropagated in a growing media in plastic tubs in a laboratory,
before being transplanted into plastic trays and later pots in the greenhouse. Phase I ends with field-ready
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plants awaiting shipment to the farm. It should be noted that not all hop farms get their seedlings from a lab
& greenhouse facility such as this. As discussed in Chapter 2, hop cultivation can also begin with growth
from rhizomes. For the purposes of this study, the tissue culture propagation production system was
studied. Results would differ if a different propagation method was used.
Phase I accounted for the third largest portion of GWP at 13.14%. The largest GWP contributor to
Phase I by far was electricity, which accounted for 12.01% of total GWP. Notably, Phase I was the most
intensive stage of the entire system in terms of electricity usage. Following electricity, plastics were the
next largest contributor within Phase I, at 0.88% of total GWP. No other inputs in Phase I, including water
usage and fertilizer contributed more than 0.15% of total GWP.
Conversely, Phase I contributed the second most EP of the four production phases, at 35.25% and
accounted for just 0.3% less EP than the highest contributing production phase. Not unlike GWP,
electricity contributed the lion’s share of the EP within Phase I, at 34.90%. This is consistent with the EP
contributions by input as well, as electricity was the largest contributor of any input by a significant
amount. Water usage was the second largest contributor to EP within Phase I at 0.25% of the total EP of the
system. The remaining inputs – plastics and fertilizers – only contributed 0.10% combined.
4.2.2 Phase II: Cultivation at Farm
Phase II begins right where Phase I leaves off, with the transportation of the seedling plants to the farm.
From there, the plants are planted in the field. Over the growing season, which lasts roughly 120 days, the
plants are cultivated. This introduces inputs such as fertilizer, irrigation, combustion of fuels (diesel and
gasoline) for farm vehicle operation, electricity, and more. Phase II concludes when the plants are ready for
harvest. Data for Phase II was obtained from two farms – one in the Willamette Valley of Oregon and one
in the Yakima Valley of Washington. Notably, one of the farms supplements electricity purchased from the
grid with solar electricity. Only the electricity purchased from the grid was able to be quantified and used in
the study, so the contribution of electricity from one farm during Phases II and III may be underestimated.
In terms of GWP, Phase II was the largest contributor of the various production phases, at 47.03%
of the total GWP. Breaking Phase II into its inputs, nearly half of the GWP from this production phase
comes from fertilizers with the combination of nitrogen, phosphorous, and potassium (N-P-K) fertilizers
combining for 25.38% of the total system GWP, though the footprint of nitrogen fertilizer is significantly
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higher than that of phosphorous or potassium. Irrigation is the second largest contributor within Phase II
GWP, accounting for 14.25% of the total GWP. Notably, this includes the system, operation, and the water,
but does not include electricity, as this is already accounted for in a separate input. After irrigation, the
largest GWP contribution comes from farm vehicle operation, at 4.15%, followed by electricity (3.22%)
and transport from greenhouse to farm (0.03%).
With respect to EP, Phase II is also the largest contributor when compared to the contributions of
the four production phases, accounting for a cumulative 35.55% of the total EP of the product system,
though the EP associated with Phase I is only 0.3% lower. Considering the inputs within Phase II, irrigation
is the single largest contributor, accounting for 14.02% of the total EP. Also significant is the electricity
associated with Phase II, which accounts for the second most EP, at 9.27%, followed closely by the
combination of fertilizers, at 9.17% of the total EP. The remaining EP from Phase II is comprised of
vehicle operation (3.07%) and product transport, which is virtually negligible (0.01%).
4.2.3 Phase III: Harvest & Kilning
Phase III of the hop production system includes harvesting and drying cones to the desired
moisture, also known as kilning. Phase III begins when tractors with special harvest attachments cut the
hop plants from the trellises and truck them to the picking machines, where electricity-powered picking
machines separate hop cones from leaves, bines, and debris. After going through the picking machine, the
hop cones enter the kiln, where they are dried to roughly 10% moisture. Both farms in this study use a
propane-powered kiln, though kilns can be powered by natural gas or diesel. After kilning, the dried cones
are baled and loaded onto a truck. Phase III ends here, just before transport to the processing facility.
GWP associated with Phase III is 35.20%, making it the second largest contributor of the four
production phases. This is largely thanks to the inclusion of the kilning input, which represents the most
significant single input across all production phases with respect to GWP. Kilning accounts for 28.19% of
the total system GWP. In Phase III, electricity usage is the next largest contributor (3.99%), followed by
vehicle operation, which constitutes the remainder of the GWP contribution (3.02%).
Phase III is less proportionally significant with respect to EP, as the third largest contributing
phase at 18.48% of EP. As is this case in other phases, the majority of the EP associated with Phase III
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comes from electricity, at 11.50%. Kilning is the second most significant contributor (4.75%), followed by
vehicle operation (2.24%).
4.3.3 Phase IV: Processing & Packaging
Phase IV, the final phase of hop production, represents the processing and packaging of hop
pellets. Phase IV begins with the transport of baled, dried, full cones from the farm to the YCH processing
facility in Sunnyside, Washington. Upon arrival at YCH, the bales are quality checked and moved to
warehouses until they are slated to go through the pellet plant to be transformed from whole dried hop
cones to Type-90 (T-90) hop pellets. At the end of the pelletizing, the hop pellets are packaged into either 5
kg or 20 kg sized cardboard cartons. At this point, the hop pellets have reached the gate of the product
system and are no longer within the scope of this study. Notably, much of the water usage at the YCH
facility is used for cooling and is reclaimed. The amount reclaimed has been subtracted from the water
usage input for Phase IV.
The GWP resulting from Phase IV of the production system is the lowest of the four stages of
production at just 4.63% of the total. Within this phase, the largest contributing input is electricity, which
accounts for 2.56%, followed by the GWP contributed by packaging (1.97%). The remainder is comprised
of transport from farm to processing center (0.09%), and tap water usage, which is negligible (<0.01%).
Similarly, Phase IV represents the least significant contribution to EP of the four production
phases, at 10.72%. Within Phase IV, the majority of the EP contribution comes from electricity, at 7.40%
of total EP. Packaging materials account for the second most EP (3.29%), followed by product transport
from farm to YCH (0.03%) and tap water, which is negligible (<0.01%).
4.3 Sensitivity Analysis
To validate the results of this study, sensitivity analysis was performed. In LCA, sensitivity analysis is a
valuable tool in validating the results of a study by studying the degree of robustness of results and their
sensitivity to uncertainty in system input values (Wei et al., 2015). In this study, one-way sensitivity
analysis was performed. One-way sensitivity analysis is a type of local sensitivity analysis that is used to
determine the output of the system when the input of the model varies within a predetermined range. Each
input in question can be analyzed by changing its value by a predetermined amount while keeping all other
inputs constant (Borgonovo 2017). In this study, the top 5 most significant inputs were changed by a factor
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of 10%. While the top 5 inputs could vary based on a number of circumstances such as amount of
precipitation in a year, average temperature of growing system, soil quality, or other atmospheric factors,
the remaining inputs outside of these five (packaging materials, product transport, production consumables,
and tap water usage) are unlikely to change based on atmospheric conditions.
In an effort to determine the sensitivity of the study results to system input variance, each of the
top 5 inputs by GWP and EP contribution were changed using the one-factor-at-a-time (OFAT) approach.
The results were run at an input value 10% lower than actual and then 10% higher than actual for each of
the top 5 contributing inputs (Borgonovo 2017; Wei et al., 2015). The results of the sensitivity analysis for
GWP can be seen in Figure 8 and the results of the sensitivity analysis for EP can be seen in Figure 9.
With respect to GWP, the most sensitive input was kilning, which is consistent with the
proportional GWP contribution of inputs. If the kilning input value were decreased by 10%, the total GWP
of the system would decrease by 2.94%, while an input value increase of 10% would result in a system
GWP increase of 2.71%. Increases and decreases of all each other input analyzed resulted in a total GWP
change of less than these values, indicating that they are less sensitive. With respect to EP, the most
sensitive input was power by a significant margin. A 10% decrease in power input to the system would
result in an EP decrease of 6.40%, while a 10% increase would result in an EP increase of 6.16%. Increases
and decreases of all each other input analyzed resulted in a total EP change of less than these values,
indicating that they are considered less sensitive.
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Figure 8: One-way sensitivity analysis results of the top 5 contributing inputs by GWP in kgCO2e/kg.
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Figure 9: One-way sensitivity analysis results of the top 5 contributing inputs by GWP in kgCO2e/kg.
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CHAPTER 5 DISCUSSION
5.1 Emissions from Hop Pellets in Perspective
The lack of consensus and knowledge in the scientific community regarding the environmental impacts of
hop production renders comparison somewhat difficult. Yet, analysis of current (though often unsupported)
hop sustainability literature in addition to comparison to sustainability of other crops that have been more
extensively studied can provide important perspective with respect to where the GWP of hop pellets stands
relative to current research.
5.1.1 Comparison to Current Hop Literature
Current hop literature only reports GWP as a result, so comparison to the EP results of this study are not
attempted. For this study, GWP was calculated to be 4.42 kgCO2e/kg hop pellets produced. GWP results
for the production of 1 kg of hop pellets in literature vary, ranging from 2.48 kgCO2e/kg (The Climate
Conservancy, 2008) to 9.85 kgCO2e/kg (Sipperly et al 2014). The values from both the low and high end of
this range come from reports that study the GWP of beer, not hop production. As such, the studies focus
less specifically on contribution to GWP from hop pellets, though they are two of very few studies even
considering GWP of hop production. It is important to note that the system boundary of a study focusing on
hop production is vastly different than that of a study focusing on beer.
In the case of TCC’s 2008 LCA of beer, they calculate a GWP contribution of 2.48 kgCO2e/kg
from hop pellets. Inputs considered include agricultural machinery, irrigation, fertilizers, soil emissions,
drying/processing, and transport. According to their results, 24.6% GWP came from fertilizers, 21.1% from
irrigation, 19.3% from agricultural machinery, 15.8% from drying and processing, 15.8% from soil
emissions, and 5.3% from transport. Though the system boundary for hop production is not described in
detail, notable inputs included in this study that were excluded from the TCC study are electricity at most
stages and the propagation of hop seedlings. The inputs that were included in both, irrigation and fertilizer,
were similar contributors in terms of percentage of total GWP. Kilning and agricultural machinery differed,
however. (The Climate Conservancy 2008)
A value for GWP was also included in the Hop Growers of America’s 2021 Hop Industry Annual
Report. This publication details the results of an LCA study that determined the GWP of 1 kg of aroma hop
pellets to be 4.1 kgCO2e/kg. Notably, this study has not been peer reviewed, and few details are provided
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with respect to assumptions and detailed inputs, as only the results are publicly available, not the full
report. From the information that is provided, it appears that the system boundary is similar to that of this
study, with the exception of this study’s inclusion of the tissue culture and greenhousing method of
production. While the publicly available results offer relatively little description, they report that 74% of
total GHG emissions come from energy – comprising of fuel and electricity – and 22% of total GHG
emissions come from chemicals – including fertilizers and pesticides. Grouping the results of this study
similarly, chemicals would account for roughly 25% of GWP, while energy would account for roughly
70% of GWP. (Hop Growers of America, 2022)
The Institute for Environmental Research and Education (IERE) completed an LCA of hop pellets,
commissioned by Roy Farms in the Yakima Valley of Washington. Very little information is available
about the details of the study including boundary, contributions by inputs, assumptions, etc, but they report
a GWP value of 5.1 kgCO2e/kg for hop pellets. Their Sustainability Report (volume 1) indicates that
decisions made directly as a result of the LCA study include: upgrading kiln burners, investing in solar
energy, and reducing nitrogen fertilizer inputs – steps that are directly in line with the perceived largest
contributors to GWP in the hop production system, according to this study. (Roy Farms, Inc)
Sipperly et al. 2014 also attempt to quantify GWP of hop production as an input in their beer LCA
study, determining that the production of 1 kg hop pellets results in a GWP of 9.85 kgCO2e/kg. They admit
that information about hop production and environmental impacts is scarce, and that the lack of quantitative
data makes calculation of this input difficult. Notably, their value does include distribution of hop pellets
from the Hallertau region of Germany to the brewery in Thailand, which could partially explain why the
GWP value is so much higher than other studies. (Sipperly et al. 2014)
In their 2019 study, Hauser and Shellhammer draw attention to the fact that industry values for
hop production tend to run higher than those used in commonly accepted academic studies such as TCC’s
Fat Tire LCA. They attempt to gather industry data to estimate hop GWP and compare it to commonly
accepted literature data. Ultimately, they find that industry data suggests a GWP between 3.5 and 5.5
kgCO2e/kg, rather than the most commonly accepted value from TCC 2008 at 2.3 kgCO2e/kg. As a
synthesis of industry and literature values, the range of their estimates varies greatly, are not entirely
comprehensive, and should be interpreted with caution – their intent was to convey that the GWP of hop
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pellets may be higher than is commonly accepted. However, the results of this study seem to be relatively
consistent with the results of Hauser and Shellhammer’s 2019 study: the result of 4.42 kgCO2e/kg in this
study fall solidly in the middle of their estimate range. Additionally, their top 4 input categories in order of
contribution significance are kilning, agricultural machinery (including power), fertilizer, and irrigation –
which very closely mimics the results GWP results by impact category of this study. (Hauser and
Shellhammer 2019)
Though there is no perfect source found in current literature with which to truly compare the
results of this study, the GWP results seem to fall in the middle of all current estimates, with closer
proximity to those focusing on hop pellets as the FU (though many of these studies include unconfirmed
results that may not be peer-reviewed). Important to note is that the results of this study include
propagation by tissue culture in a lab and greenhouse setting, unlike the others. Propagation and
greenhousing accounts for 13.14% of the GWP of this study. The results would differ if they included other
propagation methods – GWP may be lower due to savings in inputs such as power, but there may also be
other impacts because other propagation methods can leave plants more susceptible to disease, ultimately
impacting yield and survivability of the plants (George 2001). More research comparing propagation
methods is recommended in order to truly understand the difference in GWP between using tissue culture
propagation, as is modeled in this study, and alternative methods.
5.1.1 Comparison to Other Crops
The GWP of hop production can also be put into perspective by comparing results to that of other crops
that have been more extensively studied. Hops are a unique crop – many other crops do not need to go
through the kilning stage, which constitutes the largest single contribution to GWP throughout the entire
production system. When comparing the GWP of hop production to other agricultural products, it falls in
the upper-middle realm. For comparison, the LCA study by Poore and Nemecek (2018) is used. These
researchers consolidate data from 38,700 farms and 1600 processors, packaging types, and retailers to
determine the GWP in kgCO2e/kg of a massive array of agricultural products, ranging from common
vegetables like bananas and lettuce to protein sources like beef. (Poore and Nemecek, 2018)
At 4.42 kgCO2e/kg, this study finds the GWP of hop pellets relatively middle of the road as an
agricultural product. Hop production GWP is higher than more simple production systems, like potatoes or
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wheat, but significantly lower than meat production or the production of specialized crops like coffee or
cacao. Slightly higher than hop pellets in terms of GWP is rice, at 4.45 kgCO2e/kg. Just above rice is eggs,
at 4.67 kgCO2e/kg. Much more impactful than eggs is poultry meat, which jumps up to a GWP of 9.87
kgCO2e/kg. Looking at agricultural products that account for less GWP than hop pellets, milk appears to be
the closest, with a GWP of 3.25 kgCO2e/kg, according to Poore and Nemecek. Lower than that is the GWP
contribution of tomatoes, which accounts for 2.09 kgCO2e/kg, followed by maize at 1.7 kgCO2e/kg. (Poore
and Nemecek, 2018)
It is extremely important to note once again that LCA can be a very complex methodology with
respect to comparison. The assumptions made by the research team can have a very significant impact on
the results of an LCA, and the system boundary chosen often differs from study to study. Thus, results of
any LCA must be considered with much care and caution. LCA should never declare a winner, but rather
serve as a method of comparison, taking all assumptions, system boundary differences, and methodology
into account -- the environmental impacts of a production cannot be reduced to a single, objective score.
(ISO 2006)
5.1.2 Usage of Hop Pellets
Also important in the comparison between GWP results of various products – agricultural products in
particular -- is the consideration of what constitutes a serving. As an example, rice has the closest GWP to
hop pellets at 4.45 kgCO2e/kg (Poore and Nemecek, 2018). Yet, the amount of servings in a kilogram of
each of these products differ greatly. A serving of rice is considered to be roughly 79 grams (Sobel et al.
2020). Hops are almost exclusively consumed in beer (Schoenberger and Kostelecky, 2011), and it takes a
very small amount of hop pellets to produce a serving of beer, although the amount of hop pellets used in
beer varies significantly by style. To account for this wide range in quantities used in beer, four different
beer recipes are used. In this study, 1 serving of hop pellets is considered 1 serving of beer, which is
defined as 0.5 liters (16.91 fl oz), which is just over 1 pint. New Belgium Brewing’s Fat Tire Amber Ale
represents a low-hopped beer, containing 0.54 g hop pellets per serving (The Climate Conservancy 2008).
Sierra Nevada’s Pale Ale represents a medium-hopped beer, containing 3.93 g hop pellets per serving
(Sierra Nevada Brewing Co. 2018). Bristol Brewing Company’s Hazy IPA represents a high-hopped beer,
containing 5.98 g hop pellets per serving (Bristol, M.T. 2022). The unnamed Imperial IPA referenced in
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Hauser and Shellhamer’s study represents a very high-hopped beer, containing 12 g hop pellets per serving
(Hauser and Shellhammer, 2019).
At 79 g per serving, 1 kg of rice will yield 12.66 servings (Sobel et al. 2020). By contrast, 1 kg
hop pellets will yield 1,851.85 servings of low-hopped beer, 254.45 servings of medium-hopped beer,
167.22 servings of high-hopped beer, and 83.33 servings of very high-hopped beer. Therefore, 1 serving of
rice will contribute a GWP of 0.35 kgCO2e. Depending on the beer style, 1 serving of beer will contribute a
per serving GWP that is 0.69% (low-hopped beer), 4.97% (medium-hopped beer), 7.54% (high-hopped
beer), or 15.14% (very high-hopped beer) of 0-the GWP of 1 serving of rice. Put differently, the GWP per
serving of rice is 146 times the GWP per serving of low-hopped beer, 20 times the GWP per serving of
medium-hopped beer, 13 times the GWP per serving of high-hopped beer, and 7 times the GWP per
serving of very high-hopped beer. (Sobel et al. 2020; The Climate Conservancy 2008; Sierra Nevada
Brewing Co. 2018; Bristol, M.T. 2022; Hauser and Shellhammer 2019)
5.2 Differences in Kiln Fuels
In analyzing the results of this study, kilning is of particular interest, partially because it constitutes the
largest single input with respect to GWP in the entire production system, but also because variation exists
in kiln methods across the industry. Kilns originally burned fuel oil, like diesel, but more common today is
combusting propane as a fuel (George 2001). Some newer kilns also rely on the combustion of natural gas.
It is estimated that the 2017 hop harvest required the combustion of upwards of 156 million liters of fuel oil
to dry all the hop production of Washington state (Hauser and Shellhammer, 2019) On a scale such as this,
the selection of fuel can have significant GWP implications. Both farms that provided data for this study
utilized propane as a kiln fuel – no farmers using natural gas-powered kilns agreed to participate in the
study.
To compare the GWP of kiln fuels, the EcoInvent flow modeling the combustion of propane was
changed to the most similar flow modeling the combustion of natural gas. To model the amount of natural
gas combusted, the same energy value in MJ from the combustion of propane was used. Ultimately, the
comparison determined that the use of natural gas yielded a GWP of 1.17 kgCO2e/kg, compared to the
GWP of 1.24 kgCO2e/kg using propane. In the entire system, natural gas as a kiln fuel would result in a
system GWP of 4.34 kgCO2e/kg, compared to the original propane system GWP of 4.42 kgCO2e/kg. This
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represents a GWP reduction of roughly 1.8%. While the savings are relatively minimal per kg, scale must
be considered, as the 2020 harvest included the kilning of 47.5 million kg of hop cones (George 2021).
Savings of 1.8% would result in a reduction of 3.8 million kgCO2e. This comparison should, however, be
taken with caution, because it only accounts for the difference in combustion between natural gas and
propane – differences may exist in kiln efficiencies between natural gas kilns and propane kilns.
Ultimately, it is recommended that further research is conducted with industry data across many kilns of
both fuel types to account for variation between not only the two fuels, but the variation between different
kilns on different farms, though the results of this comparison suggest that natural gas kilns burn cleaner.
5.4 Hop GWP Contribution to Beer
Much of the renewed interest in hop sustainability is driven by an interest in sustainable beer (HoalstPullen et al., 2014; Hauser and Shellhammer, 2019). As practically the sole consumer of the hop crop, the
sustainability of hop pellets past the processor gate must be considered in the production of beer. The
current body of literature suggests that hops have extremely minimal contribution to the GWP of beer
production. This is not only due to the underestimation of hop GWP, like in TCC’s Fat Tire LCA, but also
due to the low-hop beer styles studied. TCC’s LCA of Fat Tire Amber Ale uses the equivalent of 1.08 g
hop pellets/liter of beer, or 0.54 g hop pellets/serving of beer, contributing 0.2% of the GWP contribution
of beer production, where barely contributes 12.6% of the GWP (The Climate Conservancy 2008). This
does not represent the current state of the craft beer industry, particularly for the majority of hop
production, which is comprised of aroma hop varieties grown for beer styles like IPAs (Almaguer et al.,
2014). It is common today for craft brewers to use roughly 20 g hop pellets per liter of beer (10 g per 0.5
liter serving) just in the dry hopping stage (Hauser and Shellhammer, 2019).
Hauser and Shellhammer examine the estimated contribution of hop pellets in an Imperial IPA in
their research. This unnamed Imperial IPA uses 24 g of hop pellets and 380 g of barely to produce 1 liter of
the beer. The researchers use literature values to show that hop GWP contribution is actually about half the
GWP contribution of barely in high-hopped style of beer such as an Imperial IPA. Using their GWP value
for barley (0.66 gCO2e/g) and the results of this study for the GWP of hop pellets (4.42 kgCO2e/kg), barley
would contribute ~251 gCO2e/g GWP while hop pellets would contribute ~106 gCO2e/g GWP – roughly
42% of the GWP contributions of barley. According to the Fat Tire LCA, the contributions of hop pellets in
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terms of GWP are roughly 1% that of barley in a low-hop beer style (The Climate Conservancy 2008). In
more highly-hopped beers that utilize more aroma hop varieties, hop production is a much more significant
contributor to GWP than is stated in current literature, where the GWP contribution is often thought to be
negligible (Hauser and Shellhammer, 2019; The Climate Conservancy 2008).
5.5 Study Limitations
The most significant limitation in this study revolves around the lack of industry data regarding hop
industry inputs. The hop industry is rather small and is largely composed of generational family farmers
who often keep proprietary knowledge about cultivation close to the chest (Almaguer et al., 2014).
Additionally, when farmers are willing to share information to assist studies such as this, their assistance is
limited by the level of tracking and monitoring of inputs on farms. The result of an LCA is only as accurate
as its data – until the accuracy of each input to an LCA is certain, results must be interpreted with some
level of caution. The data used in this study was accurate in a broad sense, which satisfied the scope of this
baseline LCA, but the lack of specificity limited the scope of possible results. The general data received
meant that there was no ability to break inputs into different categories within phases. For example, the fuel
inputs were reported as bulk sum per phase, so the combustion of a fuel had to be modeled as one input per
phase, rather than broken into different types of vehicles or machines in each phase. Similarly, more
specific information about kiln efficiency would greatly assist the modeling of kilning – the largest single
input in terms of GWP in the entire production system. If input tracking were to be improved in the
industry, future studies could be completed with far more specificity, which would assist in the
identification of more specific actions that farmers could take to improve GWP.
Furthermore, the lack of data in scientific literature with respect to hop emissions contribution
represents a limitation when comparing LCA results to determine accuracy. No current hop LCA studies
are published, peer reviewed, or offer significant details about assumptions system boundaries, data
sources, and more. Beer LCA studies provide some hop GWP data with more detail, but the scope of those
studies with respect to hop pellets are smaller, because hop pellets are not the primary focus of the study,
but rather an upstream input. While current literature can provide a rudimentary idea of where results
should fall, the lack of specific detail makes comparison difficult. Ultimately, more research is necessary
not only to confirm the results of this study, but also to build a more significant knowledge base that can be
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used by the industry to inform decision making, as well as provide opportunities for researchers to conduct
more specific work with an accurate base of background knowledge in the realm of hop sustainability.
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CHAPTER 6 CONCLUSION
Craft beer represents an industry with significant perceived interest in sustainability, and raw materials
acquisition is a significant contributor to the carbon footprint of beer. Yet, there exists a significant lack of
data and consensus in scientific literature as to the emissions contribution of hop production – to overcome
this knowledge gap, this study represents a baseline LCA in an effort to quantify the baseline GWP in
kgCO2e/kg of aroma hop production, using a functional unit of 1 kg of packaged HBC 394 T-90 aroma hop
pellets – the most popular hop variety in the United States by acreage in 2020. Ultimately, the results of the
study indicate that the production of the functional unit results in a global warming potential (GWP) of 4.42
kgCO2e/kg hop pellets produced. 13.14% of GWP can be attributed to Phase I: Propagation and
Greenhousing, 47.03% can be attributed to Phase II: Cultivation in field, 35.20% can be attributed to Phase
III: Harvest and Kilning, and the remaining 4.63% can be attributed to Phase IV: Processing and
Packaging. Broken into inputs, kilning contributes the most GWP (28.29), followed by fertilizers (25.38%)
and electricity (21.87%). With respect to eutrophication potential (EP), hop production results in an EP of
12.18 gNe/kg hop pellets produced. 35.25% of EP can be attributed to Phase I, 35.55% can be attributed to
Phase II, 18.48% can be attributed to Phase III, and 10.72% can be attributed to Phase IV. Most significant
of the inputs with respect to EP are electricity (63.07%), irrigation (14.02%), and fertilizers (9.17%).
Comparison to other studies to confirm these results is difficult due to the lack of peer-reviewed,
scientifically published studies, but these results appear to fall solidly in the middle of other studies who
attempt to quantify GWP of hop production. Additionally, while the GWP in kgCO2e/kg is relatively high
when compared to other crops, the GWP per serving of hops remains low, as an extremely small amount of
hop pellets is necessary to produce one beer, which represents the overwhelming majority of hop
consumption (97%). While rice represents an extremely similar GWP per kilogram, the GWP per serving
of rice is 7 times more significant than that of even the most highly-hopped beer (Imperial IPA), and as
much as 146 times more significant than that of a low-hopped beer (Amber Ale). While this study fills an
immediate knowledge gap as a baseline LCA study, further research is recommended to validate the
accuracy of these results and explore possible specific opportunities for GWP reduction. Further, more
research in the realm of beer sustainability is recommended, as this study shows that the style of beer
studied has a significant impact on GWP, particularly with respect to GWP contribution from hop pellets.
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APPENDIX “A”
Data Acquisition Forms
Phase I Form

Hop Industry LCA - Propagation &
Greenhousing Phase
Thank you for your participation in this study. In conjunction with California Polytechnic State
University - San Luis Obispo and with support from Yakima Chief Ranches, this graduate
research project seeks to conduct a cradle-to-gate Life Cycle Analysis (LCA) of 1 kg of HBC 394
hop pellets, quantifying the carbon dioxide emissions and environmental impacts associated with
each stage of hops production, from propagation in the lab facility to packaging of pelletized
HBC 394. Your careful completion of this survey will greatly assist in the efforts of this study,
ultimately contributing to the implementation of more sustainable practices across the hop supply
chain and industry.
To assist in obtaining the highest quality results, please be as speci c as possible and include units
whenever possible. If the best possible answer is a rough estimate, please note this and attempt to
provide a relative description of accuracy, if possible. If there are multiple answers that may be
applicable, we ask that you note this and select the most average representation. If obtaining an
answer to a question simply is not possible or feasible, simply write "unknown." We ask that you
respond to this survey to the best of your ability within two weeks, if possible.
We understand that confidentiality and protection of proprietary knowledge is important to you.
This study, when completed, will not include names, nor contain any specific references to
numbers inputted to this form without explicit permission. Rather, the report will showcase
results of the model, obtained using these inputs. If you have any further questions or concerns
with respect to confidentiality and protection of trade secrets, please reach out.
Thank you again for your contribution to this important study. If you have any questions at all,
don't hesitate to reach out to Carson Bristol via phone or email at

Name of person completing this form
Phone number of person completing this form
Email address of person completing this form
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Lab Operation
This section of the survey refers to the lab propagation portion of the hop life cycle. This phase is
defined as the time between micropropagation in media to the removal of the plant from the
media to be transplanted in soil.

On average, how many plastic tubs of micropropagated HBC 394 are produced monthly?
What percentage of all propagated plants are HBC 394?
How many HBC 394 plants are propagated in 1 tub?
Please list the ingredients and amount of each ingredient used to make 1 batch of media.
Please use units and define what constitutes a batch of media.
How many days does a tub of micropropagated HBC 394 in media stay in the lab before
being transplanted into the greenhouse?
On average, how many tubs of plants in media are in storage in the tissue culture lab
monthly?
What type of tubs are used for micropropagation (name, brand, and material, if possible)?
On average, what percentage of micropropagated HBC 394 plants survive and get
transplanted into the greenhouse?
Greenhouse Operation
This section of the survey refers to the greenhouse phase of the hop life cycle. This phase can be
defined as the time between when a plant is transferred from media to soil in the greenhouse and
when it arrives at the farm to be planted in the ground.

On average, what percentage of HBC 394 plants in the greenhouse are propagated from
softwood cuttings?
On average, what percentage of HBC 394 plants in the greenhouse are propagated from
tissue culture propagation in media?
On average, how many total plants (all brands) are in the greenhouse facility at a given
time?
What percentage of plants coming through the greenhouse facility are HBC 394?
On average, how many new plants enter the greenhouse per month (all brands)?
On average, how much soil is used per month in propagation? Please include units.

46

What kind of soil is used in propagation?
What is the average survival rate of HBC 394 plants from propagation in plastic trays to
delivery to farm?
How many days does an HBC 394 plant spend in the greenhouse facility, on average,
from entering the misting bay to exiting the coldframe?
Please list the specific names of all plastic trays and pots used for HBC 394 plant
production during the course of the plant's time in the greenhouse. Please include name,
brand, and material, if possible.
What type of soil fertilizer is used during propagation? Please include name and brand.
How much fertilizer is added to the soil per HBC 394 plant? Please include units.
What kind of truck is used for transportation of plants from greenhouse facility to farms?
Please be specific (make and model, if possible).
How many plants are in one truckload of transportation to farms on average?
General Facility Utilities
This section of the survey refers to the resource consumption of the lab and greenhouse facility as
a whole.

On average, what is the monthly power consumption of the lab/greenhouse facility?
Please include units.
If the specific power consumption is unknown, what is the average monthly cost of
power for the facility?
What is the voltage of electricity supply to the facility? If specific voltage is unknown, is
it categorized as low, medium, or high?
On average, what is the monthly water consumption of the lab/greenhouse facility?
If specific water consumption is unknown, what is the average monthly cost of water for
the facility?
What water source does the facility get its water from?
Thank you!
Your contribution to this study is very much appreciated.
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Phase II & III Form

Hop Industry LCA Data Request Form Cultivation & Harvest
Thank you for your participation in this study. In conjunction with California Polytechnic State
University - San Luis Obispo and with support from Yakima Chief Ranches, this graduate
research project seeks to conduct a cradle-to-gate Life Cycle Analysis (LCA) of 1 kg of HBC 394
hop pellets, quantifying the carbon dioxide emissions and environmental impacts associated with
each stage of hops production, from propagation in the lab facility to packaging of pelletized
HBC 394. Your careful completion of this survey will greatly assist in the efforts of this study,
ultimately enhancing knowledge of the environmental impacts of hops production and
contributing to the implementation of more sustainable practices across the hop supply chain and
industry.
To assist in obtaining the highest quality results, please be as specific as possible and include
units whenever possible. If the best possible answer is a rough estimate, please note this and
attempt to provide a relative description of accuracy, if possible. If there are multiple answers that
may be applicable, we ask that you note this and select the most average representation. If
obtaining an answer to a question simply is not possible or feasible, simply write "unknown." For
questions that are specific to HBC 394 hops, PLEASE EXCLUDE ORGANIC HBC 394 FROM
YOUR CALCULATION. Please treat organic HBC 394 as a separate variety. If you are unable to
answer a question in the form that it is asked due to varying methods of monitoring, please
answer as best you can per your monitoring system and explain to the best of your ability. We ask
that you respond to this survey to the best of your ability within 2-4 weeks, if possible.
We understand that confidentiality and protection of proprietary knowledge is important to you.
This study, when completed, will not include the names of any farms, nor contain any specific
references to numbers inputted to this form without explicit permission. Rather, the report will
showcase results of the model, obtained using these inputs. If you have any further questions or
concerns with respect to confidentiality and protection of trade secrets, please reach out.
Thank you again for your contribution to this important study. If you have any questions at all,
don't hesitate to reach out to Carson Bristol via email or phone at
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Name
Phone Number
Email Address
Farm
Position/Role at Farm
Total acres of HBC 394 cultivated in 2021 growing season
Total acres of hops (all varieties) cultivated in 2021 growing season
Total acres of cultivated land in 2021 growing season
Average per acre yield of HBC 394 during 2021 harvest
Average per acre yield during 2021 harvest (all varieties)
Field Inputs
This section of the survey refers to fertilizer and pesticide application during the growing season.

Pounds of N used during 2021 growing season (all hop varieties)
Pounds of P used during 2021 growing season (all hop varieties)
Pounds of K used during 2021 growing season (all hop varieties)
Pounds of any other fertilizer, such as organic matter applied as a nutrient source, used
during 2021 growing season (all hop varieties). Please include the name/active ingredient
of the fertilizer.
Farm Operations - Growing Season
This section of the survey refers to the operation of the entire farm (cultivation of all elds) during
the growing season. This can be de ned as the time between planting hops and cutting the hops
for harvest.

On average, how much diesel is consumed monthly during the growing season? Please
include units.
On average, how much gasoline is consumed monthly during the growing season? Please
include units.
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On average, how much propane is consumed monthly during the growing season? Please
include units.
On average, what is the monthly power consumption of the farm operation during the
growing season? Please include units. If specific consumption is unknown, what is the
average monthly electric bill cost to power the farm operation during the growing
season?
What is the voltage of power the power supply for farm operations during the growing
season?
Is the source of power (electricity) for farm operations during the growing season
anything other than the local power grid (i.e. solar panels, wind turbines, etc.)?
If yes, what is that source of power, and what is the average monthly power consumption
during the growing season?
Please list all water sources on the farm. Include a best estimate of the percentage of total
water consumption that comes from each source.
On average, what is the monthly water consumption of the farm operation (including
irrigation) during the growing season? Please include units. If a specific amount is
unknown, please disregard and move to the next question.
If you monitor consumption and were able to answer Question 9, please disregard
Questions 10-12.
What is the average rate of flow for irrigation? Please include units (i.e. gallons per
minute, etc).
On average, during the growing season, how many hours per week are you irrigating
HBC 394?
What size emitter does your irrigation system use? Please include units.
What row spacing do you use? Please include units.
On average, how long do you stop irrigating before harvest?
Do you employ any type of irrigation other than drip for HBC 394 cultivation
If yes, please describe:
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Farm Operation - Harvest
This section of the survey refers to the harvest portion of the hop life cycle. This can be defined as
the time between when the plants are ready to be cut to when the bales are loaded onto a truck
for transport to the processor.

What type of picking machine do you use for harvesting HBC 394 hops? If multiple,
select the most commonly used machine for HBC 394.
What is the average monthly power consumption of all farm operations during harvest?
Please include units. If specific consumption is unknown, what is the average monthly
cost of power during harvest?
What is the average monthly water consumption of the farm operations during harvest?
Please include units. If specific consumption is unknown, what is the average monthly
cost of water during harvest?
On average, how much diesel is consumed monthly during harvest? Please include units.
On average, how much gasoline is consumed monthly during harvest? Please include
units.
On average, how much propane is consumed monthly during harvest (including kilning)?
Please include units.
What type of fuel does your kiln use?
How many pounds of HBC 394 hops were sold as fresh hop orders during the 2021
harvest?
How many total pounds of hops (all varieties) were sold as fresh hop orders during the
2021 harvest?
Roughly how much of this material is used to wrap one bale?
What was your HBC 394 yield for the 2021 harvest (lbs)?
What was your total yield (all varieties) for the 2021 harvest (lbs)?
Thank you!
Your contribution to this study is extremely appreciated. Thank you for choosing to be a part of
sustainability research in the United States hop industry. Your contributions go a long way in
improving sustainability efforts in the industry and beyond.
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Phase IV Form

Hop Industry LCA - Processing &
Packaging
Thank you for your participation in this study. In conjunction with California Polytechnic State
University - San Luis Obispo and with support from Yakima Chief Ranches, this graduate
research project seeks to conduct a cradle-to-gate Life Cycle Analysis (LCA) of 1 kg of HBC 394
hop pellets, quantifying the carbon dioxide emissions and environmental impacts associated with
each stage of hops production, from propagation in the lab facility to packaging of pelletized
HBC 394. Your careful completion of this survey will greatly assist in the efforts of this study,
ultimately enhancing knowledge of the environmental impacts of hops production and
contributing to the implementation of more sustainable practices across the hop supply chain and
industry.
To assist in obtaining the highest quality results, please be as specific as possible and include
units whenever possible. If the best possible answer is a rough estimate, please note this and
attempt to provide a relative description of accuracy, if possible. If there are multiple answers that
may be applicable, we ask that you note this and select the most average representation. If
obtaining an answer to a question simply is not possible or feasible, simply write "unknown."
We understand that confidentiality and protection of proprietary knowledge is important to you.
This study, when completed, will not include names, nor contain any specific references to
numbers inputted to this form without explicit permission. Rather, the report will showcase
results of the model, obtained using these inputs. If you have any further questions or concerns
with respect to confidentiality and protection of trade secrets, please reach out.
Thank you again for your contribution to this important study. If you have any questions at all,
don't hesitate to reach out to Carson Bristol via email or phone at

Name of person completing this form
Phone number of person completing this form
Email address of person completing this form
General Facility
This section of the survey refers to the general Sunnyside facility as a whole. This includes
warehouses, pellet plant, extract plant, cryo plant, packaging, and cold storage.

On average, what is the monthly power consumption of the Sunnyside facility during
harvest? Please include units. If specific power consumption is unknown, what is the
average monthly cost for power during harvest?
What is the voltage of electricity supply to the Sunnyside facility?
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On average, what is the monthly water consumption of the Sunnyside facility during
harvest? Please include units. If specific water consumption is unknown, what is the
average monthly cost for water during harvest?
From what source does the facility get water?
If multiple sources, please detail the water sources and average monthly consumption
from each. Please be specific and include units.
Whole Cone Warehouse Operation
This section of the survey pertains to the whole-cone warehousing portion of the hop life cycle.
This period is defined as the time between baled hops being loaded onto the truck at the farm to
the delivery of hops at the YCH pellet plant in Sunnyside, WA.

What type of truck is used for transport of baled hops from farm to warehouse? Please be
as specific as possible (make and model, if possible). Simple fuel type and efficiency
(mpg) would suffice. If multiple types of trucks are used, please select the most common.
How many bales of whole-cone hops are transported in one average truckload?
What is the average weight of one bale of hops? Please include units.
What is the average miles travelled from farm to processing facility in Sunnyside, WA?
Pellet Plant Operation
This section of the survey refers to the pellet plant operation portion of the hop life cycle. This
can be defined as the time between transport of whole-cone bales to the plant and transport of T90 pellets to the packaging line.

On average, what percentage of all whole-cone hops at the facility are inputted into the
pellet plant?
On average, how many pounds of T-90 pellets are produced by the pellet plant in 1
month?
On average, how many pounds of whole-cone hops are inputted into the pellet plant in 1
month?
On average, what percentage of this pellet plant input is HBC 394 hops?
Is the pellet plant powered by grid electricity or fuel?
If powered by fuel, what type of fuel?
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If fuel, what is the average monthly fuel consumption of the pellet plant during harvest?
Please include units.
If electricity, is the power associated with pellet plant operation included in the total
facility power (section 1)?
If no, what is the average monthly power consumption of the pellet plant? Please include
units. If the specific consumption is unknown, what is the average monthly cost of power
for the pellet plant?
Is the water usage associated with pellet plant operation included in the total facility
water usage (section 1)?
If no, what is the average monthly water consumption of the pellet plant? Please include
units. If the specific consumption is unknown, what is the average monthly cost of water
for the pellet plant?
Are there any other significant inputs that should be recorded (i.e. chemicals, fuels, etc)?
If so, please list the input with its average monthly consumption (with units).
Packaging Operation
This section of the survey refers to the packaging operation portion of the hop life cycle. This can
be defined as the time in between input of T-90 hop pellets into the packaging line and arrival of
packaged T-90 hop pellets in cold storage.

Please describe how HBC 394 hops are packed. Include materials, size (amount of hops),
and weight (entire package). Please be as specific as possible and include units.
How many packages (as defined above) are packed onto one pallet?
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